UNCLASSIFIED

U 3

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

SRR

UNCLASSIFIED




NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in conmnection with a definitely related
government procurement operation, the U. S,
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.




ASD-TDR-§2-431

w
1

ISTA 400472

A AD .

DISLOCATION MOBILITY AND
PINNING IN HARD MATERIALS

63-3-/

THROUGH INTERNAL FRICTION STUDIES

TECHNICAL DOCUMENTARY REPORT NO. ASD-TDR-62-431

February 1963

Directorate of Materials and Processes
Acronautical Systems Division
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

Project No. 7350, Task No. 735003

(Prepared under Contract No. AF 33(616)-8132 by the Armour
Research Foundation, Chicago, Illinois; P. D, Southgate, author.)

o am s e e ek S0 e SRR . s - e



NOTICES

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished, or in any way suppliedthe said drawings, specifications,
or other data, is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation, or conveying
any rights or permission to manufacture, use, or sell any patented invention
that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the Armed
Services Technical Information Agency, (ASTIA), Arlington Hall Station,
Arlington 12, Virginia.

This report has been released to the Office of Technical Services, U.S,
Department of Commerce, Washington 25, D.C., in stock quantities for sale
to the general public.

Copies of this report should not be returned to the Aeronautical Systems
Division unless return is required by security considerations, contractual
obligations, or notice on a specific document.

23-343C, 500, 4-2-63



This report wes prepared by the Armour Research Foundation
of the Illinois Institute of Techmology under USAF Contrect No.
AF 33(616)-8132. This contract wvas initiated under Project Mo,
7350, "Fefractory Inorgenic Nommetallic Materisls®, Task No,
735003, *Theory and Mechanical Phenomena". The work was administered
under the direction of the Directorate of Materisls and Processes,
Deputy for Technology, Aeronautical Systems Division, with
Mr. George W. King acting as project engineer.

This report covers work conductod‘duriu the period April l,
1961 to March 31, 1962.

Personnel employed in the investigation were P. D. Southgate
and A, B, Attard., D, K, Benson sssisted with the design and
construction of the appsratus.




ABSTRACT

The internal friction of covalently bonded and partly covalently
bonded materials is being investigated at elevated temperatures. The
apparatus operates on the electrostatic drive system, and covers the
range 0 to 1500°C, 1 to 200 kc/s. Single crystals of silicon, silicon
carbide, and zinc oxide have been measured. A steady rise of internal
friction is seen in deformed silicon specimens above 500°C, which
appears to be thermally activated with an activation energy of 1.61 +
0.02eV. The rise is attributed to the dislocation damping; its magnl-
tude is approximately proportional to the dislocation density and
inversely to the frequency. Quantitative identification can be made
with Brailsford's abrupt-kink theory of dislocation damping if a rea-
sonable kink density is assumed, in which case the activation energy
is that of kink mobility.

Observations of creep rate during deformation of silicon crystals
at 950 °C give rather variable results. The most common situation is
that of approximately logarithmic creep, followed by some work har-
dening. Deviations occur in the form of an incubation time for creep,
of a continuously increasing creep rate. Specimen orientation and
oxygen content did not seem to have a major effect on behavior.

Silicon carbide and zinc oxide were measured only in the unde-
formed state. A number of peaks were seen in rinc oxide (29 kc/s) at
135°, 190° and 345°C, and in silicon carbide (110 kc/s) at 500°C.
Rapid rises in internal friction occurred above 750 ° in zinc oxide and
900 ° in silicon carbide. The peaks are too wide to be caused by sim-
ple point defect relaxation, and furthez data are required to identify
them. The general annealing behavior of the rise in silicon carbide is
very similar to that in an anomalous silicon specimen haying a very
non-uniform dislocation distribution.

This report has been reviewed and is approved.

WX

W. J. TRAPP
Chief, Streagth and Dynamics Branch
Metals and Ceramics Laboratory
Directorate of Materials and Processes
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Section 1
INTRODUCTION

This is the final report on work carried out under Contract No.
AF33(616)-8132 over the period April 1961 to March 1962. It concerns
studie s of dislocation motion and diffusion of defects in the covalently
bonded materials silicon, silicon carbide, and zinc oxide, using internal
friction methods. The high temperature mechanical properties of these
materials have been as yet investigated only incompletely, and the data
on defect motion obtained from internal friction studies should be of con-
siderable assistance in understanding such processes as creep, fatigue,
and fracture.

Usually, a number of variable parameters are involved in any
particular internal friction mechanism, and the deduction of the detailed
nature of the mechanism requires a careful control over these parameters.
Of the three materials investigated, silicon is by far the most controllable
at present. It is obtainable either of high purity or with exactly known
impurity contents, its dislocation content can be readily measured by
etch-pit techniques, and the question of non-stoichiometry does not arise.
Hence the major work of the report has been concerned with silicon.
Having established the behavior of the material, it will be easier to
analyze observations on zinc oxide and silicon carbide, which have
analogous though not identical structures. This objective, of comparing
similar processes in the three materials, has not been achieved during
the first year of investigation, since the dominant effects observed in
zinc oxide and silicon carbide have been almost certainly different from
those in silicon. Effective techniques for uniformly introducing disloca-
tions into silicon have been developed, and the main process studied has
been a mechanism of dislocation damping which is intrinsic to the pure
material; while the other two materials have been measured in the as-
grown condition, and the major source of loss has probably been due to
impurities.

Section II
GENERAL DISCUSSION
The measure of internal friction, or mechanical damping, used

in this report is the logarithmic decrement &. Itis related to other
measures of internal friction by

Manusoript released by the suthor March 1962 for pudblication as an ASD
Technicsl Documentary Feport,
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A = x/Q
2E

Q being the mechanical Q factor, Y the acoustic attenuation factor, A the
wavelength of sound, SE the energy loss per cycle, and E the total mech-
anical energy of the specimen. When the internal friction is low, A is
also equal to the mechanical loss angle multiplied by 7.

A very brief resume of the elements of the theory of defect
relaxation will now be given.

Most internal friction mechanisms are governed by relaxation
processes, typified by a relaxation time, or range of relaxation times.
The relaxation process gives a small strain additional to the normal
elastic strain, so that the total strain is

€ = a'/M-l-ez

where M is the elastic modulus. The particular circumstances will deter-

mine the appropriate modulus: for dislocation motion along a slip plane,
it will be the shear modulus.

The relaxation of the strain is determined by

where €50 is the ultimate extent of the relaxation, and T the relaxation
time. Hence, for sinusoidal motion,

€

- 20
‘z - A ————————
1 + jut

If we put ¢3¢ proportional to the applied stress amplitude, so that ¢, =
ao”, then
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When aG is small, A will be equal to the loss angle, which is the ratio of
the imaginary to the real parts of the expression on the right hand side.

Az o —%T ____ (2.1)
l+w T

In general, if a range of relaxation times is involved

A=gxy X T _ (2.2)

Thus, a plot of internal friction against frequency shows a series of
relaxation peaks, having a maximum 4 = 6G/2 when @7 = 1. If, in
addition, the relaxation process is thermally activated, then the relaxa-
tion time will have a temperature dependence of the form

T = T exp (H/KT) (2.3)

H being an activation energy. In this case a plot of internal friction
against temperature will also show a series of relaxation peaks. It is
usually more convenient to make a temperature plot rather than a fre-
quency plot.

Relaxation processes which are amenable to study by internal
friction methods include those of impurity motion, dislocation motion,



the rmoelastic damping, 1 and electroacoustic &mping.z' 3 For the
materials studied in this report, the rmoelastic damping is usually small,
and the electroacoustic damping probably plays no part. For impurities
to produce damping, they must be situated in a site of lower symmetry
than the crystal lattice. Such a condition holds for many interstitial
atoms, and for atom pairs, or atoms with associated vacancies. The
best-known example of this is carbon in I-iron. giving the very clear-
cut relaxation known as the Snoek peak.® Impurity relaxation usually
gives a peak close to the form given by equations (2.1) and (2.3). The
factor a is then determined by the change in crystal distortion produced
by the hopping of the impurity between the non-equivalent sites. In sili-
con, the only impurity present in sufficient concentrations to produce
measurable inte rnal friction is interstitial oxygen. The relaxation of
this defect has already been studéed, 5 and it is known that, for a speci-
men vibrating in a [ 100] direction, no damping is produced since all
possible sites are equivalently located with respect to [ 100] . Hence,
in the present study, those specimens in which it is desired to measure
the effect of oxygen on dislocation damping without the obscuring effect
of the cxygen relaxation itself are measured in the [ 100] direction.

Dislocation relaxation involves a more complicated situation
than impurity relaxation, since a wide range of dislocation lengths is
involved, and since the detailed geometry of the dislocation is usually
not fully uncerstood. It is this understanding of the importance of dis-
location geometry to the relaxation which has been one of the major
concerns of the present investigation. The majority oz work published
on dislocation relaxation has been on the Bordoni peak® in metals,
which lies below room temperature, and which is broader than a sim-
ple relaxation peak. Two theories have been put forward to explain
the peak, that of Seeger, Donth and Pfaff! (SDP theory) and that of
Brailsford.8 In general, dislocation damping theories differ in the
extent to which the discrete nature of the lattice affects dislocation
motion and configuration. Both the SDP and Brailsford theories take
the situation when dislocations are predominantly held in the lattice
potential wells which form the Peierls force. The dislocations then
move from one to the other by the lateral motion of kinks. In the SDP
theory the kinks move freely, whereas in the Brailsford theory they
have a finite mobility originating in the need for thermal excitation
from one atom position to the next. It is not clear which situation
applies to the Bordoni peak in metals. The two theories will be dis-
cussed further in Section VI and in the appendices, and evidence will
be adduced for the applicability of the Brailsford theory to high temper-
ature relaxation in silicon. Higher temperatures are required for this
process compared with the probably analogous low-temperature Bordoni
peak in metals because the bonding in silicon is stiffer and more direc-
tional, and hence higher the rmal energies are required to maintain kink
mobility.

When the Peierls force becomes of secondary importance, then
the motion of a dislocation is determined by three main factors: a line

b s A Al ot it -
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tension due to its elastic stress field, its effective mass, and a damping
force which may or may not reflect the discrete nature of the lattice.
Under these conditions the theory of Grﬁnato and Lucke? based on the
dislocation damping equation of Koehler10 (KGL theory) is applicable.
Two peaks in internal friction as a function of frequency are seen. One
occurs at very high frequencies, is only seen when damping is very
small, and is due to elastic resonance of the dillocation, the other is a
relaxation peak with a relaxation time [2 B/x2 Eo» where [is the dis-
location length, B the damping constant, and E, the energy per unit
length of the dislocation stress-field. A diltribution of lengths gives

a distribution of relaxation time, which broadens the peak. If the damp-
ing constant B contains a thermal activation factor, then the KGL theory
leads to a Bordoni peak. Compatibility of the KGL theory with the
Brailsford theory is discussed in Appendix 5.

The most significant process which is not a relaxation process
is that of dislocation break-away. Granato and Lucke have given the
theory of this process also. 9 It is characterized by a lack of frequency
dependence, and a marked amplitude dependence of damping. Some
samples of silicon and silicon carbide appear to show behavior of this
type, although the behavior appears to be very unstable. In general,
the fit of predicted amplitude dependence with that observed is not very
latisfactoxiy and modification of the theory is required. Swartz and
WeertmanI! have developed a modification suitable for bcc metals,
where some impurities interact only with the edge components of dis-
locations, while others interact both with edge and screw components.
This situation probably does not apply in the diamond or sinc blende
structure.

s
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Section I
INTERNAL FRICTION APPARATUS

MEASUREMENT TECHNIQUE

The materials which are to be measured have, at least at low
temperatures, extremely low values of internal friction. This fact
limits considerably the number of possible methods of measuring inte rnal
friction, since in any system utilizing direct mechanical coupling between
a transducer and the specimen, the damping of the transducer would
probably mask that of the specimen,. The electrostatically coupled
system first devised by BordonilZ, 13 ayoids this difficulty. For con-
ducting specimens, a plate is placed a small distance from the speci-
men, and the drive potential (at the specimen resonant frequency) is
applied between the plate and specimen. If the mechanical drive is to
be of the same frequency as the applied electrical signal, it is necessary
also to apply a biasing voltage somewhat greater than the applied voltage.
In addition, motion of the specimen will change the capacitance of the
gap; hence, if this is made part of a high-frequency tuned circuit con-
nected to an oscillator (36 Mc/s in our case), a frequency modulated
output proportional to the specimen displacement will be obtained.

Electrostatic drive forces, for conducting specimens, arise
directly from the uniform field between the specimen and the drive
plate. In the case of a dielectric specimen, a uniform field produced
by this arrangement would yield no attractive force, and an inhomo-
geneous field is required. This is produced by the grid shown in Fig.
1. Two sets of bars are connected alternately to parallel wires across
which the drive is applied. Near the surface of the grid, the field is
very inhomogeneous and a dielectric specimen will be attracted toward
it; the system works like a magnetic chuck. Similarly, motion of the
dielectric towards or away from the grid surface will change the capac-
itance between the two sets of bars. An approximate theory of the
magnitude of the effect is given in Section III, part 5.

There are several ways of obtaining values for internal fric-
tion. The most desirable, giving an instantaneous mete r-reading
value, is to compare drive power with the oscillation amplitude which is
excited. Unfortunately, this is not applicable to electrostatic drive sys-
tems since the drive efficiency cannot be determined accurately. The
resonance width can be used to determine Q, but this method is suscepti-
ble to drift. The method chosen is that of plotting the free decay curve
of the specimen. The output from the 36 Mc/s oscillator is amplified
and fed into a discriminator. After further amplification and mixing
with a local oscillator the signal emerges at 2 kc/s with the decay
envelope of the specimen oscillation. The signal is finally displayed on
a logarithmic recorder, so that an exponential decay envelope appears



Fig. 1 - PHOTOGRAPH OF DRIVE GRID



as a straight line. Deviations from the exponential form, representing
changes of internal friction with amplitude, can thus be readily detected.

A block diagram of the whole system is shown in Fig. 2. The
drive generator is required to be of high stability so that the frequency
may be held on the narrow specimen resonance, and so it consists of a
main oscillator locked into a high-stability frequency meter oscillator,
An oscilloscope displays the Lissajous figure of drive signal vs. speci-
men oscillation signal (before mixing) thus affording a sensitive means
of detecting resonance.

A general view of the apparatus is shown in Fig. 3. The majority
of the electronic circuits are contained in the rack at the left. The X-Y
oscilloscope and the logarithmic recorder are on the bench. Further to
the right appears the part of the apparatus containing the furnace,
vacuum system, specimen and detecting oscillator ("the cart"), while
the furnace supply rack is to the extreme right. The furnace is sus-
pended by anti-vibration mounts; connection to the all-metal vacuum
system is made via a flexible bellows tube.

FURNACE AND SPECIMEN SUPPORT: UNIT 1

The furnace is required to work in a vacuum, to reach tempera-
ture in excess of 1500°C, and to have a very short time constant to
facilitate quenching experiments. A molybdenum tube furnace will
satisfy such requirements. The construction is seen in section in Fig.
4. The furnace body, which acts as the vacuum envelope, is highly
polished on the inside to reflect heat and is surrounded by a water
Jacket. The heating tube consists of a 0.002 in. molybdenum foil
wrapped into a cylinder and clamped by end-rings, being held in ten-
sion by the spring and bellows arrangement in the furnace top cap.
Potential is applied between the top cap and the body, an interposed
O-ring acting both as vacuum seal and electrical insulation. With an
input of 7.5 v, 240 A, a temperature of 1400°C is attained.

The specimen is shown in Fig. 4 supported so that it is excited
into flexural oscillation. The grid is held close to the center section of
the side, and the specimen supported by two fine tungsten wires passing
through holes drilled through the nodal points. Screw adjustments on
the base-plate hold the wires in tension across the top of a silica or
ceramic tube, into which cross-bars have been fastened. The speci-
men is adjusted so the gap is parallel by bending the bars. For com-
ducting specimens, the specimen is used as one drive electrode;
otherwise the support wires are grounded. The ceramic support for
the grid passes up the centsr of the tube, and a micrometer screw and
lateral adjustments beneath the base-plate allow setting-up and cali-
bration adjustments of the grid-specimen gap to be made.
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Fabrication of the grid is a matter requiring some care. Moly-
bdenum wires 0.01" in diameter are laid parallel, being separated by
0.005" diameter wire. Alternate wires are then spot-welded to either
of two pairs of tantalum cross-bars, and the ends of the grid wires cut
off. After bending so that the two sets of cross-bars are not in contact
with the wires, the grid is spot-welded to wires fixed into the end of
the ceramic support rod. The assembly is then set in epoxy resin,
leaving the face exposed so that it can be polished flat to remove slight
distortions. Finally, the resin is dissolved away.

ELECTRONIC CIRCUITS
Unit 2: Discriminator Amplifier

The circuit is shown in Fig. 5. The 36 Mc/s input enters at a
level of about 1 volt, is amplified by the 6AKS5 tube and is fed directly
into the Foster-Seeley discriminator circuit in the tube anode circuit.
The discriminator output is filtered (560/., 47 ppF) and travels via
SW 1/2, shorted, to the first amplifier tube. The meter in the cathode
measures the DC component of discriminator output, corresponding to
the center frequency of the input signal. After filte ring of low-frequency
components, the signal passes to a2 mixer 6AU6 tube, which has a large
additional signal, 2 kc/s higher than the amplified signal, applied to
the cathode through SK 3/2. The anode circuit has yariable band-width
centered on 2 kc/s. The subsequent amplifier has more filtering to
remove the local oscillator signal and 36 Mc/s leakage. Alternatively,
SW 4/2 allows the amplifier to be used for a straight 1 to 10 kc/s
amplification, since it is not possible to filter out local oscillator sig-
nal well enough below 10 kc/s. The final output to the recorder is from
a cathode follower.

The discriminator response curve as indicated by the meter for
an RF input of 1 v is shown in Fig. 6. The linear portion extends over
1.2 Mc/s showing that the maximum frequency of mechanical oscilla-
tion that can be measured accurately using the DC calibration is 600
kc/s. Undistorted decay curves will be obtained for higher frequen-
cies, however.

The overall gain of the lower frequency amplifier-mixer circuit
from the grid of the first 6CB6 to the output is 1.3 x 10%; the equivalent
input voltage corresponding to noise and local oscillator break-through
is 3 pV at 50 kc/s. The amplifier gain can be checked by the calibrating
networks on SW 1/2, SW 2/2 using a monitored signal of the drive fre-
quency from Unit 3. Changing the switch to the calibrating positions puts
a filter circuit in, which removes the AC component of discriminator
output while retaining the DC bias so that the amplifier gain does not

change.
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Unit 3: Drive Amplifier

The circuit is shown in Fig. 7. The input, varying from 1 kc/s
to 200 kc/s at a level of approximately 1 vy passes through one stage of
untuned amplification before the final inductively loaded power stage.
The tuning is broad and various bands are selected by SW 1/3. A max-
imum output voltage of 180 v RMS can be obtained from the circuit: a
voltage divider gives a small monitored output for Unit 2.

Unit 4: High Stability Generators

Two generators are required: one for the drive oscillator and
the other for the mixing oscillator. The circuit of each generator is
shown in Fig. 8. It is a modified frequency meter: goverament type
BC221. The modification, in the anode of the VT 167 tube, allows the
primary oscillator frequency rather than the beat frequency to be
amplified, although the beat output is still retained for checking the
variable oscillator frequency against the standardizing crystal. It is
the short-term stability of this generator that is important. Beating
the output against a crystal oscillator showed that the short-term
stability at 120 kc/s was of the order 0.03 c/s, and that the drift over
long periods was less than 3 c/s. A 10 v change of the H.T. moved
the frequency by 3 c¢c/s. These shifts are sufficiently low for the pur-
poses of these experiments. The generators are mounted on flexible
supports to reduce frequency shift due to vibration or frame distortion.

Unit 5: Frequency Dividers

The frequency meters give a signal from 120 to 250 kc/s, and
the range to be covered is 1 kc/s to 200 kc/s. Hence frequency divi-
sion is needed. The circuit is shown in Fig. 9; there is one such cir-
cuit for either generator. Two blocking oscillators are used. The
first is triggered by the incoming sine wave from the frequency meters
and converts the signal to a pulse train of the same frequency. The
second is free running and locks into a submultiple of the input. Note
that the connection is such that the second blocking oscillator is trig-
gered not by the initial rise of the first but by the ringing return, the
first transformer being slightly underdamped. This arrangement was
found to be the most stable. Care has to be taken to set the free run-
ning frequency fairly close to a submultiple of the master oscillator
frequency or irregular triggering will result. The triangular wave
output from the grid was found to be most convenient for trigge ring the
following oscillators.

For the lowest frequencies, single stage division is not suffi-

ciently stable. It is necessary to use both dividers in series, suitably
increasing the grid resistor om the second divider.
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Units 6-7: Locked Oscillators

Hewlett-Packard oscillators T 200 GR are employed here.
One is fed into the mixer circuit, SK 3/2 of unit 2, and the other to the
final drive output SK 1/3 of unit 3. The oscillators used a Wein bridge
circuit which is not intrinsically ve ry frequency-stable, but which can
be readily locked to the output from unit 5 by a 3 ppF capacitor con-
nected to the grid of the first oscillator tube. Complete locking was
obtained for + 2 percent changes of dial setting.

Unit 8: Recorder

The Bruel and Kjaer Type 2305 logarithmic recorder was found
to be most suitable. The maximum writing speed is 1000 db/sec; if
one then takes 300 db/sec as being measurable, this limits the maxi-
mum log. decrement that can be measured to 5 x 10-3 at 10 kc/s and
5 x 10-% at 100 kc/s. However, at these relatively high damping
values, resonance-width measurements become sufficiently accurate
to use,replacing decay-time measurements.

Unit 9: Cart Circuits

These circuits consist of AC supplies to the purmnps and vacuum
gauge, together with a water-pressure actuated switch to protect the
furnace and diffusion pump.

Unit 10: Detector Circuit

The circuit is shown in Fig. 10. The 36 Mc/s oscillator is
loosely coupled to minimize fluctuations in frequency due to the tube,
and has a small extra tuning capacitor in addition to that formed by the
grid and leads. A cathode follower stage foeds the twin shielded lead
to the discriminator-amplifier with a signal of about 1 y amplitude.

Unit 11: Furnace Control

This consists of a West Instrument "Gardsman'® furnace supply
unit, which controls a saturable core reactor. The furnace is fed from
these circuits through a step-down transformer: Jefferson type 248-171.
Attempts to install automatic control were frustrated by disturbance of
the sensing thermocouple by the drive voltage within the furnace. At
1000°C a drift of several degrees occurred on switching on the drive,
and this could not be reduced much by shielding arrangements.
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Unit 12: Vacuum Gauge

The relatively simple Philips gauge is used here: Veeco type
DG-Z.

Units 13, 14, 15: Power Unit

These are standard commercial units giving stabilized supplies
of the following values: 250 v, 160 mA; 180 v, 45 mA; 200 v to 800 v,
1 mA; and also 6.3 v heater supplies.

Unit 16: Plug Interchange

Figure 11 shows this unit. It contains a switch which simultan-
eously cuts off the drive generator amplifier and the bias supplies, thus
removing any interfe rence which might otherwise occur in the recording
of the specimen decay-curve. Capacitors can also be switched to slow
down the shut-off rate of the bias voltage. This arrangement is needed
since for some types of specimen mounting a rapid shut-off was found
to produce bouncing of the specimen, with a consequent modulation of
the decay curve. A further switch allows monitoring of either the
specimen resonance or the frequency divider circuits.

OPERATION OF SYSTEM

To obtain reliable results, it is necessary to reduce the noise
to the lowest level and, for the higher values of damping, to have a
sufficiently broad pass band. The narrowest band gives the greatest
noise reduction, although its use would cause considerable error for
logarithmic decrements of greater than, say, 10-4 at 100 kc/s. Itis
also convenient to use broader bands if the specimen tempe rature drift
is at all rapid, since otherwise the consequent change of frequency
during decay can produce an effective change of amplifier gain.

Figure 12 shows the overall detector curve: Unit 2 meter read-
ing plotted against gap width as read on the micrometer. At a gap width
of 0.1 mm, the sensitivity is 5 microvolts per Angstrom. For a gap
utilizing a plate and conducting specimens, the sensitivity is about ten
times as great. Determination of absolute vibration amplitudes of a
heated specimen is not easy, however, since relative movement of the
grid wires can change the capacitance and hence produce an uncertainty
in the gap width. It is proposed in the future to install a calibrating
system.

It has been found necessary to support the specimen in the man-
ner described, by wires passing through holes, to reduce the extransous
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damping to a sufficient low value. Four-wire suspension, with the
wires gripping either side, was found to be unsuitable., Even with the
present system, occasional high values of damping are attributable to
wire friction, probably occurring as the wire slips during heating.
The balck%round friction, however, with a specimen 20 x4 x 2 mm, is
about 10-°,

Since a the rmocouple cannot be left in contact with the specimen,
temperature readings can only be made when the furnace has reached
an equilibrium state. At lower temperatures this would prolong the
measurements unduly, since about 1 hr. is required for a reliable
reading at 300°C. Hence the usual practice is to use the specimen
resonance frequency as an index of tempe rature, taking check-points
at the higher temperatures so that any possible anneal may be watched.
It turns out that, for the materials studied here, the elastic modulus
is sufficiently stable for this tempe rature measurement method to be
reliable.

GRID CAPACITANCE CHANGE

An analytic form for the capacitance between the sets of grid
wires for arbitrary spacing of the dielectric medium would be exceed-
ingly complicated to compute. The argument that follows gives a yalue
for the sensitivity of the system at a spacing which would represent a
reasonable working point.

Smythe 14 gives a formula, derived by a conformal transforma-
tion method, for the capacity in the fringing field between two sets of
bars of width a and spacing g. Itis

2ne w

AC= —2 _ [(1+3 In (ﬁ!*_“)-l_‘.xnﬁl"_h).]
x P e 48 (34407

where ¢ is the capacitance of free space
w is the breadth of the grid
and n is the number of gaps.

If we now assume that this fringing field is confined to the region
above the grid plane, and that insertion of a medium of dielectric con-

stant K in the region does not change the flux distribution below the
plane, then the change in capacitance due to the medium will be

§C = (K-1) &c
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If the medium is moved away, it can safely be assumed that at
a distance equal to the grid spacing g, the extra capacity due to the
medium will be a fraction @ of 6C, which will be of the order of one
half. Thus at some point between this spacing and contact, dC/dy will
assume the value (1-a) 6C/g and this point will represent a useful work-

ing point.
Inserting values of

w=3x10""m
K= 10
a= 2¢g
n= 10
g=2x 10%m

we have

(4 = 10°® Fm"!

dy

and so

a _1¢f dc _, cycle per Angstrom umnit displacement.
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Section IV
SPECIMEN PREPARATION

FORM OF SPECIMEN

Most measurements have been carried out on bars in the first
flexural mode of vibration. The nodal points for this mode lie at 0.224
of the length from either end of the bar. It has been found that unless
the support wires lie close to the node, they give rise to excessive
losses; hence it is necessary to drill holes at the nodal points and pass
the support wires through. Drilling was carried out for all materials
using an ultrasonic machine, boron carbide abrasive, and a tungsten
wire bit.

Specimens of silicon and silicon carbide were initially cut out
with a diamond wheel. The cutting marks were ground away with a
fine abrasive and then, at least in the case of silicon, the ground sur-
face etched away. An etch was chosen which left a rough surface, to
minimize slipping of the support wires. Care was taken to avoid con-
tamination of the specimen during mounting. The zinc oxide crystals
were already in the form of hexagonal prisms and were measured in
that form.

It is convenient to be able to measure a specimen at a number
of different frequencies. This can be achieved by cutting a dumbbell
form, whose frequency is altered by subsequent thinning of the center
section. The shape and sequence of cutting of the specimen is shown
in Fig. 13. For a given size of the inertial end-masses, the frequency
varies as the 3/2 power of the thickness of the center bridge section:

hL( E D’ )
27 V\Lpab (@ +1?)

The frequency of a given specimen may be conveniently varied by mask-
ing the ends with a cement layer and etching down the ceanter bridge.

The procedure for introducing dislocations by bending is designed to
approach the ideal of uniform density: the arrangement is such that the
second cut forming the bridge removes the neutral axis and hence, on
further etching, the dislocation density averaged across the specimen
remains approximately constant. It would be more desirable to have a
completely homogeneous dislocation distribution across the bridge, such
as would be formed by tensional yielding, but further developmeat of the
deformation apparatus would be required for this to be achieved.
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In analysis of the internal friction results, it is assumed that the
measured internal friction is entirely due to the bridge section. Con-
sideration of the elastic energy distribution shows that the ratio of bridge
energy: inertial mass energy is

L .-.(.1)3£ 3 (4.1)
b

n

This factor gives the predominance of the contribution from the
material of the bridge over that from the inertial masses. During
deformation, the inertial masses remain more or less undeformed,
and hence their internal friction is relatively low at the higher tempera-
tures, so that the average internal friction is reduced. Equation (4.1)
shows that, for the dimensions used in practice (a/D > 3.5, L/b = 0.6)
the error introduced by the assumption of completely rigid inertial masses
is less than 2 percent.

The frequency range may be further extended by measuring the
inte rnal friction in longitudinal vibration. For dumbbell specimens, the
longitudinal frequency will be of the order 10 to 50 times that of the
flexural. However, the error due to non-rigidity of the inertial masses
will be greater for a given configuration since the energy density varies
only as the inverse square of the thickness. Hence a ratio D:a of less
than 1:7 is required for an error of less than 2 percent.

The small size of the available crystals precluded the use of
dumbbell specimens for silicon carbide or zinc oxide.

ORIGIN AND NATURE OF MATERIAL

The silicon was obtained from the Semi-Elements Corporation.
It was 100 M2 -cm material, having a very low oxygen content (with the
exception of one specimen which has been deformed but whose inte mal
friction characteristics have not yet been studied). Specimens were
cut with axes in either [111] or {100] .

Although high purity silicon carbide crystals can be grown by
vapor deposition in the laboratory, none have been acquired which were
large enough to measure. The material reported on here was taken
from the relatively large crystals which grow around the blow-holes in
a commercial furnace: it was supplied by Norton Abrasiye Corporation.
Table I gives a spectrochemical analysis of impurity content. In appear-
ance it was pale green, slightly streaky. An x-ray analysis of the poly-
type has not yet been carried out, although it is probably the most com-
mon one found under these circumstances, type 6H. The specimen axis
was [1120].
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The zinc oxide crystals were kindly donated by the 3IM Company
Research Laboratories. They were grown by Dr. F. Ham of the labora-
tories by vapor deposition under carefully controlled conditions. The
crystals were apparently quite clear and colorless, and of very regular
form. The axis was [0001] .

Table 1

ANALYSIS OF CHIEF IMPURITIES IN SiC SPECIMEN 310
(WEIGHT PERCENTAGES)

Ag Al Ba Ca Cr Cu Fe Mg Mo Ti

Spectro- 0.03 0.1 0.003 0.03 0.01 0.001 0.01 0.03 0.01 0.03
graphic:
Approx.

Chemical 0.099
Analysis
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Section V
DEFORMATION OF SILICON

APPARATUS

Silicon becomes plastic above 800°C, deformation often occurring
after the lapse of a noticeable incubation time. Ideally, deformation
should be performed in a vacuum to minimise contamination, but the
elaboration of the apparatus required to operate in vacuum is not justi-
fied, since there is no apparent contamination when a noan-oxidizing
atmosphere is used. The simplest method of deformation, that of bend-
ing, is employed. Strain vs. time curves are recorded during deforma-
tion.

The apparatus is shown in Fig. 14 and in section in Fig. 15. The
specimen is loosely held between two stainless steel chucks equipped
with sapphire jaws, supported on stainless steel cross-wires. A cen-
tral stainless steel push-rod, also with a sapphire tip, is used to apply
a three-point bending stress to the specimen. A cranked lever at the
far end of the push-rod couples it to a hanging weight, the object of
this system being to apply a constant force. When large angles of bend
are produced, a similar push-rod system on the opposite side of the
sample can be used to straighten the specimen. The specimen, push-
rods, and chucks are enclosed in a silica tube, through which a stream
of 90 percent nitrogen: 10 percent hydrogen passes. The whole is heated
by a surrounding resistance furnace.

Two coaxial stainless steel tubes are used to transmit the
deformation data to a convenient location outside the furnace. The inner
tube is fastened to the chuck assembly, while the outer tube is coupled
to the rod that applies the deformation stress. Measurement of the
relative motion of these two coaxial tubes then allows determination of
the sample deformation, without introducing errors due to differential
thermal expansion of spacially separated members, or to stresses in
the rods.

The relative motion of the two tubes, and hence the deformation
of the sample, is measured as follows: a light metallic ring, fastened
at diametrically opposite points to each of the two tubes, flexes when
relative motion of the tubes occurs. Strain gauges fastened to the ring
sense the magnitude of this flexure. If we assume that the ring deforma-
tion is small, and that the deformed ring is elliptic, then the maximum
deformation of the ring occurs along an axis perpendicular to the axis
containing the tubes. The relative change in curvature along the two
axes will be equal in magnitude so that
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where A, and B, are the semi-major and semi-minor axes. Strain
gauges are mounted on the ring at the maximum flexure points, (two
outside, two inside), connected in a bridge -circuit arrangement. For

a ring of diameter D, thickness t, the gauge factor G of the strain-
gauges being defined as

5R/R
SL/L

G =

and where the supply voltage is V, the ratio of sample deformation 88
to output voltage OE is

SE__ 3VGt
88 DZ

(Here we have assumed that the four strain gauges have the same zero-
strain resistance.)

In the present circuit a ten turn potentiometer has been inserted
in the bridge to obtain balance conditions. The gauge resistance is 1204,
and the potentiometer is shunted by 0.2.A which gives a conveniently
fine adjustment while allowing unbalance due to initial strain in the gauges
to be corrected. In this experiment

D = 53mm
t = 0.6mm
G=2

YV = ' rolts

The calculation gives
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SE 3.8 mV/mm

§s

whereas the measured value is

SE . 4.2 mV/mm

8s

The electrical measuring apparatus consists of a Keithley 150A
Microvoltammeter, and a Varian Recorder. The noise level corre-
sponds to a deflection of one micron. Long-term stability is sufficient
to allow accurate recording of the deformation-time curve over periods
of the order of ten minutes.

CREEP CURVES

A number of specimens have been deformed at 950*C. Figure
16 summarizes the creep data for these specimens, while Table 2 gives
information on the total bend size orientation, and purity. The bend
force is that actually applied to the push-rod, and the thickness is that
during bending. The bend angle was measured optically, by reflecting
a projected spot of light off the faces of the crystal. In some cases,
creep occurred in several stages, as extra weights were added. The
zeros of time and beam deflection are taken for each stage as being the
state when the extra weight was added. Specimens 2042 onward were
polished in CP-4 etch* before bending. In the case of 2033 the bromine
was omitted from the etch, while for 2031 and 2034 a non-polishing
Hl:-‘-!-l-{NO3 etch was used.

The curves of Fig. 16 are not very consistent, and it is not
possible to draw any exact conclusions. The difference between defor-
mation curves 2042 and 2044 is most noticeable, since these specimens
were nominally deformed under identical conditions. Only 2042 shows
an incubation time., There is a general tendency for specimens having
the largest mean tensile stress (last column of Table 2) to deform the
most rapidly, but since many of the curves are for already worked
specimens, the relationship between stress and creep rate cannot be
readily deduced. The oxygen content of 2053 may be inhibiting creep

‘Gl&ci&l acetic acid: 70 percent HNO;, 49 percent HF in proportions
3:5:3, plus 5 cc Br per liter,
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Table 2
DATA ON DEFORMED SPECIMENS

Oxygen Thickness Total Bend Mean tensile stress

Specimen -
Orientation conc.(cm 3) (mm) (den:::es) F&;‘;e dyne cm'z x 10'8

2031 111 <10 2.4 4.7* 8.5-10.5 6.4-8
2033 111 " 1.65 0.52 2.1 3.5
2034 111 " 2.4 0.55 2.1 1.6
2042 100 " 2.25 1.68 1.2-2.2-2.6 1.4-2.6-3.1
2043 100 " 2.35 0.48 2.1 1.7
2044 100 " 2.15 0.39 1.2 1.6
2053 100 10'8 2.25 0.86 2.1 2.5
.ltraightoned

to some extent, but this is not a strong effect. With the exception of
2033 and 2043, which had the lowest stress applied, the curves tend

to show a region of logarithmic creep, an approximately straight line

on the strain ys. ln t plot, followed by a flattening off, presumably due
to work-hardening. Paradoxically, the two specimens having the most
rapidly increasing creep rate had almost the lowest applied average
stresses. These two have differing orientations, sh that this is
not a dominant factor. The data of Penning and de Wind*? in ge rmanium
show similarly shaped curves to these in silicon. However, work-
hardening seems to occur more readily in silicon, since strain magni-
tudes which give rise to work-hardening in silicon lie in the region of
maximum creep rate in germanium. Direct comparison of the two sets
of measurements is not possible, due to the difference in tempe rature
of deformation (0. 56 of the melting point in ge rmanium, 0.72 in silicon).

It is evident that to resolve the situation more clearly, measure-
ments are required on many more specimens, with close atteation to
surface conditions probably being necessary. Such a study is beyond
the scope of this work.



DISLOCATION DISTRIBUTION

Dislocation distributions after plastic deformation have been
studied using the etch-pit method. After an initial polish in CP-4, the
iodine etch* discribed by Queisserl6 was employed. Pits appear after
a few seconds with this etch and are very marked after about one min-
ute. Figures 17, 18 and 19 show patterns developed on the sides of
three of the specimens of Fig. 16, the magnification being the same in
all instances. There is a considerable difference between the patterns
of 2033 and the other two, dislocations for 2033 being mainly confined
to the area shown in the photograph, whereas for 2043 and 2044 the dis-
location density remains almost uniform for a central length of about
5 mm along the specimen. The further side of 2033 had a distribution
rather more like that of the other two.

The reasomn for the difference of slip mode probably lies in the

different slip plane orientations of the two specimens. Silicon slips on
~ (111) planes; dislocations are in [ 110] directions and haye their Burgers

vectors in [ 110] directions, at least during the initial stages of slip.
Thus, for stress ia [ 111], there are three active slip planes; for [110],
two, and for [ 100], four. In each of these cases the resolyed shear
stress will be a different fraction of the applied stress, due to the
different angle the stress direction makes with the plane. A further
resolution of the stress occurs in the plane, where a factor of V' 3/2 is
involved for each orientation.

If one considers a bar in three-point bending, the portion near
the center experiences both flexural and shear stresses. We now show
that the forces on dislocations which produce pure shear can be com-
parable with those that produce extension or compression in the upper
or lower portions of the bar. The stresses on a bar of thickness d
with the two extreme bending points L apart, and a force F per unit
width applied the center, are as follows:

Shear stress o, = F/d 3

3 FL
2

Average tensional stress =

4d

If now the resalution factors are taken into account, we find that the
ratio of shear stress on the plane perpsndicular to the bar axis, to the
resolved shear stresses on the other three planes is given by

*thul acetic acid: 70 percent HNO3: 49 percent HF in proportions
5:4:1, plus 8 gm iodine per liter.
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cos 0 sin 0 cos L ]

where 0 is the angle between the (111) plane and the bar axis, and g_ the
angle between the resolved shear stress and the Burgers vectors. For
a bar having [111] axis, the ratio becomes

t
a'/ o, = 4.9 d/L

Thus, a predominant slip on the (111) planes perpendicular to the bar
axis, as seen in Fig. 18, would not be expected for an L /d ratio much
greater than 4.9. However, examination of the specimen shows that

in fact, due to some form of misalignment, pressure was applied to
only about one third of the face. Thus, the shear stress in this region
will be increased, whereas the bending stress is almost unaffected, and
it is then likely that slip could be preferentially initiated on the per-
pendicular (111) planes for the specimen which in fact had an L /d ratio
of 10. Even so, special surface nucleation effects may well be involved.

Plots of etch pit density vs. distance from the center of the bar
is shown in Figs: 20 and 21. The counts were made from Figs. 17 and
18 and the scatter in values reflects the tendency of the dislocations to
lie in slip planes rather than perfectly uniformly. According to the
simplest picture of bending, a constant dislocation density should
result from a uniform bend. Any dislocation density in excess of this
number will be formed of equal numbers of dislocations of opposite sign.
It is assumed that this is the case, although there is no way of check-
ing the sign of the dislocations from the appearance of the etch pits.

A theory which would account for the distribution shown in Figs. 20 and
21 can be constructed on the assumption of restricted dislocation motion,
in the following manner. Let dislocations be generated in the interior

of the specimen during slip, and let them move an average distance s
before being stopped. If the dislocations are linear and extend right
across the specimen, the strain at any point is given by

€ = bs Ncos ®sin®

the resolution factor being required as hefore. In uniform bending,
this strain will also be equal to x/R, x being the distance from the
nesutral axis; hence
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The slopes N/x of the straight-line portions of Figs. 20 and 21
are 2.6 x 108 and 6 x 107 cm-3 respectively, while the radii of bend
R are estimated as 70 cm and 60 cmm. Hence the s Vﬂgel for the two
specimens 2043 and 2044 are 2.6 x 10-° and 1.3 x 10-4 cm, a small
fraction of the total specimen width. The difference between the two
values indicates that s may reduce fairly rapidly with increasing dis-
location density.

After vacuum anneal of the specimens, it was found more diff-
cult to develop etch pits, as an irregular background appeared simul-
taneously with the pits. The reason for this difficulty is not clear,
since ideally no change should have occurred in the bulk of the speci-
men. Satisfactory patterns could be observed, however, in the initial
stages while the pits were still very small. Such observations as
were made indicated no substantial change in the general dislocation
arrangement, during the measurements to be described in the next
section, although a precise one -to-one check on the dislocations was
not possible.



Section VI
INTERNAL FRICTION OF SILICON

EXPERIMENTAL RESULTS

In all the plastically deformed crystals which have been measured
a steady rise of internal friction has been seen above about 500°C.
Figures 22 to 27 show this rise in five different specimens. The fre-
quency of 2042 was varied by thinning the center section of the dumbbell
by etching in CP4. Figure 28 shows the internal friction of a specimen
which has been heated in the deformation apparatus but not deformed;
no high temperature rise is seen, showing that it is solely dependent on
the introduction of dislocations into the specimen.

The internal friction curves may be analyzed by subtracting from
the total a constant background damping and an electronic damping.
The background is due to radiation along the wires, and at lower tem-
peratures is usually the only source of loss. It is assumed temperature
independent. The electronic damping may be calculated if the specimen
is sufficiently uncontaminated so that the charge carrier lifetime does
not drop far below the period of oscillation. When these two losses are
subtracted, the remaining curves are very close to the Arrhenius form
A4 = Awexp (-H/kT). A small deviation seems to occur at the lower
temperatures, while the lowest frequency curve of 2042 shows a level-
ling-off at the high temperature end. Table 3 gives an analysis of the
straight-line part of the dislocation damping curves, together with the
mean dislocation densities as given by etch-pit counts, and angle of
deformation from optical measurements. The constancy of activation
energy for all specimens, independent of deformation angle or disloca-
tion density, is notable, and indicates that a single activated process
is involved, rather than a complex of processes. The average is
1.61eV, with an estimated error of +0.02eV. The last column of
Table 3 gives values of Af/N; within the uncertainties of the uniformity
of N, these values may be regarded as approximately constant.

Annealing of the internal friction to lower values is observed in
each case. The pattern, however, is not simple. The kink in the
heating curve of Figs. 24 and 25 shows an initial limited anneal takes
place near 920°C, close to the temperature at which the specimen was
bent. The data of Table 3 refers to measurements after this initial
anneal. Such an anneal might be anticipated, since the proceéss of
deformation is followed by an immediate cooling, and any locally
stressed portions of the material which did not anneal out in about 5
minutes would be frozen in. Further stages of anneal are represented
by the lower lines in Figs. 22 and 23, the . lowest two being measured
after 10 minutes at 1040° and then after a further 15 minutes between
1000° and 1040°. No opinion can be given at this stage as to the nature
of the annealing process.
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A more marked the rmal modification of the internal friction
occurred in 2033, is shown in Fig. 29. Figure 30 {llustrates more
clearly the hysteretic nature of the thermal cycling. This specimen
showed a rapidly increasing amplitude dependence of internal frictioa
with temperature, and also an increased magnitude, which was retained
to some extent on cooling. Behavior of this type suggests that disloca-
tions are being released on heating and taking up loosely pinned posi-
tions, from which they slowly diffuse to more firmly pinned positions.
The loosely pinned dislocations may then give rise to amplitude depend-
ent damping of the type mentioned in Section II. On cooling, the freed
dislocations may well take longer to become locked, but no further
dislocations would be freed from their initial positions. Sach a model
requires further substantiation; as was pointed out, there is no support-
ing evidence of such motion from the etch pit observations. The unusual
mode of slip of this specimen has already been discussed in Section V,
part 3. If indeed most dislocations have slipped on the (111) plane per-
pendicular to the specimen axis, these dislocations will not contribute
to the internal friction, and the overall internal friction will be low.
The internal friction observations will then refer to dislocations which
do not lie in the main slip system.

APPLICABILITY OF SDP AND BRAILSFORD THEORIES

Two detailed theories have been proposed to explain dislocation
relaxation, both of which depend on kink motion. That of Seeger, Donth
and Pfaff! assumes that kinks are free to move along a dislocation,
once formed, and are only affected by elastic strain fields of other
kinks, whereas that of Brailsford3 assumes a core interaction of the
kinks with the lattice, so that kink motion is thermally activated. The
SDP theory is based on a string-type model for the dislocation, and
hence is consistent with the Koehler-Granato-Lucke theory.?: 10 Rea-
sons are given in Appendix V for regarding Brailsford's theory as con-
sistent with the KGL theory. Both theories agree with the present
experimental results in predicting a constancy of the parameter Af/N.

In the following discussion these symbols are most commonly
used:

shear modulus

lattice plane spacing

Burger's vector of dislocation
temperature

frequency of mechanical oscillation
logarithmic decrement.

Do Q

Interpretation of the graphs given in the SDP paper shows that,
according to this theory, the dislocation relaxation frequency is
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where

4 Gb kT
32 2 2 m3/z

1/2
E,

m and E( being the mass and energy per unit length of the dislocation.
In silicon, the value of B is thus of the order of 5 x 1010 at 1000°K.
Consistently with the theory, Eg is interpreted as being the energy of
the elastic strain field only; the core is excluded. This estimate of B
could be out by a factor of 3.

Now, fitting the experimental value 1.6 eV = 4.68 Wy, we find
that the dislocation relaxation frequency is of the order of 30 kc/s at
720°C, and hence a maximum would be expected at this temperature.

The absence of such a maximum throws doubt on the validity of the
theory.

The value of kink energy is given by

1/2
w2 K24 ela
4 T b

If we take Eg = Gb?, and put the Peierls force = KG. The Peierls force
may be regarded as the difference between the maximum and minimum
dislocation core energies, multiplied by a factor #/ab. Since Gb2 = 32eV
in silicon, we have K = 2.2 x 10-4, which is fairly close to the value
found in fcc metals. Since bonding in silicon is highly directional, one
would expect a much larger value of K, and hence interpretation along

the lines of the SDP theory does not seem correct in this respect either.
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Brailsford's theory gives, for a single dislocation of length L,

2_2
Ad = Al (L.T)«:TL/(1+@ L)

The modific gon of the theory discussed in Appendix IV shows that

T L /D D' being an effective kink diffusion constant (along the
dhlocation line). Substitution of reasonable values, assuming in this
case that the experimental value 1.6 eV is the activation energy of kink
diffusion, indicates that below about 1000°C, w7 >> 1 at 30 kc/s. This
is equivalent to saying that kinks diffuse only a fraction of L along the
dislocation line during each cycle. If we then assume the temperature
is below this value, a considerable simplification occurs in the integra-
tion over all dislocations, since the contribution of each section is pro-
portional to its length. Substitution of the value for A (L, T) givel

8Ga bzppoL

T VkT @

where V is the specimen volume, p the mobility, and p, the kink density.
It is a reasonable assumption, for all but extremely low angles between
the dislocation and the lattice plane, that thermally generated kinks can
be neglected: so that p, = tan 6/a. Integrating over all dislocations is
now only a matter of summing the lengths, and we obtain directly the
result of Appendix IV. The value predicted from this result must be
multiplied by a factor of order 0.4 to account for orientation effects,
giving a final value of 8 x 10-8 for Af/N. This is close to the values
given in the last column of Table 2. Hence, if the Brailsford theory is
applicable, the average built-in kink density should be close to that
assumed in the appendix, that is, about 1 every 20 atom distances.
Such a density seemg reasonable, and is in agreement with infra-red
photographs of Dash" ! which show only small angles between disloca-
tions and the lattice planes.

The flattening of the 3 kc /s curve of Figs. 25 and 26 may be

taken as indicating the approach to a maximum where w7
more marked flattening occurs after 2 short anneal. At Iﬂ:e highelt
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temperature, as would be expected from increased pinning of disloca-
tions and consequent shortening of Ty, . If the maximum is assumed to
occur near 1050°C, then the mean dislocation length [; can be derived
from T = 10 [o¢ /D' 72, The factor 10 arises, as shown by Brailsford,
if we assume an exponential distribution of dislocation lengths rather
than a constant value. Substituting the expressmn for D' given in
Appendix IV gives [, = 5 x 10-5 cm. This value is of the order of that
expected if the dislocations are in the form of a network and pinned at
intersections, although this does not necessarily show that this, rather
than impurity pinning, is dominant.

Hence, the orders of magnitude of theory and experiment are
sufficiently in agreement to indicate that the abrupt kink theory is quite
possibly applicable. Certainly, the model is of the kind to be expected
a priori: the discrete nature of the bonding should lead to a sizable
activation energy for kink diffusion. A further check could be made by
studying dislocation pinning by impurities since, at temperatures below
1000°C, the internal friction should not be sensitive to the location of
pinning points further apart than about 10-6 cm. Careful design of
pinning experiments is required since the total density of pinning points

93 uired to demonstrate an effect is very low, of the order of 1013 per
cm?, and it would be easy to saturate this value.

Section VII
INTERNAL FRICTION OF SILICON CARBIDE

Several series of measurements have been made on a pale green
transparent silicon carbide crystal, of dimensions 0.95 x_1.40 x 10.23
mm, resonating at 110 kc/s. The specimen axis was [ llZO],in the hex-
agonal plane. Contrary to expectation, considerable variations in internal
friction have been observed below 900°C. This variation was sometimes
erratic in nature, although several consistent features were observed.
The effect of a heat to 910°C, followed by annealing at 820°C for 50 min.
and a subsequent cooling is shown in Fig. 31. The internal friction
appears to rise continuously during anneal at an elevated temperature.
Figure 32 shows the unrepeatable nature of the behavior between 5° and
140°C.

A consistently observable peak at 500°C is shown in Fig. 33;
it has an initial height of 1.6 x 10-5, is increased after 50 min. at
820°C, decreased after 4 hrs. at 265°C, and restored to its previous
maximum after heating to 1070 °C. The width of this peak is greater
than that to be expected from simple point defect relaxation, but may
well be due to relaxation of a center of a slightly more complicated
nature which has two or more relaxation times. If this is the case,
all the activation energies should be close to 1.4eV, assuming the ,
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normal expression for jump rate. This energy is much less than that
of substitutional diffusion, and may possibly be associated with inter-
stitial defects. The thermal behavior is not easy to understand, and
requires more investigation. Possibly the defect becomes bound more
firmly in the lattice at the lower temperatures, and freed at higher
temperatures. Internal precipitation may be involved.

The behavior at high temperatures is very similar in appear-
ance to that in the anomolous silicon sample 2033. Possibly similar
dislocation effects are occurring. No firm hypothesis can be made
until comparative studies of several samples have been made, and the
dislocation distributions observed by etch pit methods. The variation
at room temperature cannot be readily identified with any known pro-
cess.

Thermoelastic relaxation! can be eliminated-as a possible pro-
cess, since the relaxation time for a specimen of this thickness is of
the order of one second, much longer than the oscillation period.
Damping due to coupling to charge carriers via the deformation poten-
tial should be very small, since the density of intrinsic charge carri-
ers is very small due to the large band gap. A further possible source
of damping is that due to piezoelectric coupling.3 However, although
there is probably some piezoelectric effect in silicon carbide for
stresses along the hexagonal axis, the symmetry of any of the poly-
types is such that stresses in the hexagonal plane will not produce a
piesoelectric effect.

Section VIII
INTERNAL FRICTION OF ZINC OXIDE

One crystal of zinc oxide has been studied. It was 0.98 mm
across, 1.3 cm long, clear and colorless, and was measured in
flexural oscillation, 0.006' holes being drilled through the nodal
planes, from one corner to the other of the hexagon. The oscillation
frequency was 29 kc/s, and the axis of the specimen was the hexagonal
crystal axis. Considering the small size of the specimen, the back-
ground damping due to the support wires is surprisingly low, being
estimated at a log. dec. of 2 x 10-6, Higher values of background
damping have been seen in some regions: these are amplitude depend-
ent, erratic in magnitude, and are clearly due to slipping of the wires.
Points having any appreciable amplitude dependence are omitted from
the data. A further possible source of error, which can produce a
systematic amplitude dependence, is the coupling between the closely
spaced modes of a slightly imperfect hengonal bar. No evidence of
this occurrence is seen.
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Figure 34 shows the temperature variation of log. dec. between
30°C and 800°C. It is evident that the thermal treatment has changed
the magnitude of the processes occurring between the first and second
heating and between the second and third. The third heating was only
to 300°C, and this produced no change, the fourth run overlapping
exactly. There is an indication that annealing is occurring fairly
rapidly at the highest tempe rature of the second heat, since the points
taken during cooling lie below the points taken a few minutes before,
during heating. For the initial heating, a large amplitude dependence
of damping occurred and hence points are not shown, while for the
cooling, points were taken at too widely spaced intervals to make a
continuous curve. However, it can be seen that in this case some
changes have taken place below 300 °C between first cooling and second

heating .

No interpretation of these curves can be given at present. It is
evident that the peaks are not due to simple point defect relaxation
since they are at least twice as broad as would be expected. Again, a
more complex relaxation with a narrow range of relaxation times may
be involved. One possible mechanism producing loss is the motion of
a zinc vacancy around an jonized impurity. A recent paper by Azaroff18
argues that the motion of a zinc atom from a normal site into an inter-
stitial position would require an energy of about 1.7eV, and the
activation energy of motion of a zinc vacancy should be of the same
order, even when associated with a charged impurity. This would
lead to a peak around 100G/T = 1.0, on the usual assumption that
To™ 10-%2 sec. Thus the rise observed at the higher temperature
may represent the beginning of a peak due to this mechanism. It is
tentatively assumed that the changes in the other peaks represent
changes of magnitude rather than position. The peak at 1000/T = 1.65
appears not to be changed by heat treatment, while the one at 130°C
decreases and a further one appears at 200°C. This latter assumption
is made on the basis of the small lump appearing on the low-tempera-
ture shoulder of the last curve, and will require confirmation.

Again, thermoelastic relaxation and damping due to coupling
with the deformation potential can be eliminated as significant pro-
cesses, as in silicon carbide. Piezoelectric coupling, however, is
large, the piezoelectric coupling coefficient having been shown by
Hutsonl9 to be K = 0.4, 4 times as large as that of quartz. The
theory of Hutson and White3 shows that the log. dec. due to piezo-
electric coupling is
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2
K /o
A= c

1+42 W, lun + ((»I«)D)z + (m‘:lm)z

where w. = conductivity/dielectric constant, the dielectric relaxation
frequency, and wp is a diffusion frequency, of order 10 0,

Thus, for the damping to be appreciable, w must be of the same
order of magnitude as wc. This will only occur in very high resistivity
material, of the order 105N.-cm. Measurements on the specimen
show resistivities of the order 100l -cm, and hence this mechanism
of damping also can be eliminated in this case.
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Section IX
ELASTIC MODULI

Measurements of the frequency of oscillation allow the Young's
modulus of the specimens to be calculated. The flexural oscillation
technique is not ideal for the purpose, since the frequency varies as
the square of the bar thickness, which can only be measured to an
accuracy of a few percent. A far greater accuracy could have been
obtained by using longitudinal oscillations, but the frequency of these
oscillations, for the zinc oxide and silicon carbide specimens, would
be well outside the present range of the apparatus. Full determina-
tion of all elastic constants requires the use of ultrasonic pulse-echo
techniques, so that measurements can also be made under shear co%-
ditions. In silicon, a comprehensive study has already been made. Y

The formula of Rp.yleighzl gives the Young's modulus for a
bar in flexural vibration as

2
2
s:.p(giu_)
x r
[+

fis the frequency, [ the length, and r, the radius of gyration of the
cross-section. a is an inertial correction factor, unity for a_thin bar,
which may be obtained from tables computed by Hasselman.?Z The
tables refer to a rectangular section bar, and so we approximate the
hexagonal section of the zinc oxide bar by a rectangular section of
width 0.8 times that of the hexagon. Values of a are then 1.035 for
the zinc oxide specimen and 1.060 for silicon carbide. The derived
values of Young's medulus at 0°C are 1.56 x 1012 dyne cm for 200
[0001] and 4.6 x 10'4 dyne cm~“ for SiC [ 1120] , with a probable
error of 10 percent. e value for SiC may be compared with the
polycrystalline value?3 of 4 x 1012 dyne cm-2,

The temperature coefficient of Young's modulus derived from
frequency shift measurements is much more accurate than the abso-
lute value of the modulus. However, thermal expansion values are
needed, and these are not known at present. If ¢ is the linear expan-
sion coefficient, f the modulus coefficient, and Y the frequency coeffi-
cient (all positive), then

f= a+dY.
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Figure 35 shows measurements of the frequency shift for silicon, sili-
con carbide, zinc oxide, and magnesium oxide. The elastic modulus
shift will be about 2.2 times this in each case. It is notable that as the
ionicity of the structure increases, the effect of temperature becomes
more marked. Presumably the effect of crystal orientation is about
the same for ZnO and SiC as it is for Si.

An unexpected frequency-shift effect, which is still not under-
stood, has been observed at room temperature. Several silicon speci-
mens have shown the effect. Typical is specimen 2043. After an
initial heating to 1050 °C it was cooled and held at room tempe rature
for 64 hours. A drop in resonant frequency of 0.05 percent was seen
which could have been due to removal of a surface layer 0.2 microns
thick during the heating. However, on further measurement at room
temperature, a further drop of 0.04 percent in frequency occurred,
apparently produced by the conditions of measurement. Independent
checks showed that this was a genuine change of frequency and not due
to instrumental exrror. There are two conceivable sources of the shift:
dislocation motion in the material, and the torque due to the support
wires. Both of these can be almost certainly eliminated. The modulus
defect due to dislocations can be shown to be of the order NLZ/6, where
L is the unpinned dislocation length, if the dislocations are completely
undamped and restrained only by their line tension. For L = 10-4 cm,
a density of undamped dislocations of 6 x 105 cm~% would be sufficient
to account for the observed deficit; but it is extremely unlikely that dis-
locations can be freed from damping forces at room temperature, par-
ticularly in view of the model of dislocation damping discussed in

~ Section VI, part 2. As for the effect of the mounting wires on the

resonant frequency, this is very small: the torsional rigidity of the wires
can only change the frequency by 1 in 10 10, while off-nodal location of
0.1 mm will cause a shift of only 1 in 108. Hence the origin of the
observed shift remains unexplained.
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Section X
CONCLUSION

It is difficult, in examining dislocation motion by internal fric-
tion methods, to positively identify any particular relaxation peak as
due to a particular mechanism. Rather, the accretion of evidence of
the effect of different parameters: frequency, dislocation content,
purity: must be used to discriminate between different possible theories.
The results on deformed pure silicon crystals given in this report show
that the Brailsford abrupt-kink theory of dislocation motion fits the facts
very closely, while pronounced discrepancies arise when other possible
theories are considered. The result of identifying the observed dis-
location damping with the abrupt-kink theory then allows assignment
of a value 1.61 + 0.02 eV for the activation energy of kink motion.
Further work is required to substantiate this identification; in particu-
lar, the effect of impurity content calls for investigation. The model
is also rather simple as applied here, and it is possible that the small
discrepancies which have been observed at the lower temperatures may
be due to a more complicated situation, such as the presence of different
types of kinks and different kinds of dislocation.

It has not been possible to analyze the unrepeatable and hysteretic
behavior of the specimen which yielded by a localized shear process.
It is possible that the local high densities of dislocations caused a con-
tinuous breaking-loose of highly mobile dislocations lying at a steep
angle to the lattice plane; and it is equally possible that the high dislo-
cation densities produced gross defects such as microcracks which
showed variable behavior..

Creep observations made during the plastic deformation of sili-
con bave been surprisingly variable. The source of this variation has
not been identified, as some difference in either surface treatment, bar
thickness, applied load, and rate of loading was present between all
specimens. It appears that there is a considerable sensitivity of the
creep behavior to most of these parameters. Incubation time, creep
rate, and hardening behavior all varied in an apparently complicated
manner, and comparison with previous work on germanium was not
possible. However, a satisfactorily uniform dislocation density was
produced in all but the one specimen which yielded in shear.

The measurements of silicon carbide and zinc oxide are essen-
tially preliminary in nature. An unexpectedly large number of peaks
in the internal friction of these materials appear between room tempera-
ture and 900°C, but it has not proved possible to analyze these. They
are not due to simple diffusion of single interstitial atoms, as the width
of the peak is too large. A more complex type of defect is indicated.
It has been assumed that dislocation motion was very limited until higher
temperatures were reached, since it has not been shown possible to
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plastically deform either material below 1500°C. However, this hard-
ness may not be intrinsic to the isolated dislocation, but a function of

pinning, and the possibility of observable dislocation relaxation below
900 °C cannot be ruled out at this stage. Further investigations on
deliberately deformed crystals, and studies of the anneal behavior are
required to identify the mechanisms producing the peaks.
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APPENDIX 1

FORCE AND ENERGY RELATIONSHIPS
FOR A DISLOCATION CONTAINING KINKS

The model to be discussed here is based on the division of the
total energy of a dislocation into two parts, the core energy, and the
stress field energy. The core energy is contained in the rod of material
of radius approximately one Burgers vector immediately surrounding
the dislocation, while the stress field energy is contained in a hollow
tube surrounding the core and of maximum radius of the order of the
distance of the neighboring dislocations. We picture the dislocation
as lying along simple lattice directions, deviations of the average dis-
location line from this direction being made by relatively abrupt kinks.
The assumption is now made that the stress field energy is that of the
tube which follows the average dislocation direction, and is computed
from elastic continuum theory, while the core energy is vested entirely
in the bonding rearrangements in the core, and is not related to con-
tinuum concepts, so that energetic interactions between kinks do not
occur. Figure 36 indicates the type of division being considered. An
alternative, but apparently equivalent, model is discussed in Appendix
III. The model has been formulated on partly intuitive grounds; a
rigorous justification would be a formidable task, requiring accurate
computation of the non-linear elastic effects close to the core and of
the electron wave functions involved in the valency rearrangements at
the core.

We further consider only the case in which therm¥l activation
of kink pairs is negligible, and all kinks are of the same kind: follow-
ing the notation of Brailsford, 8 p-type. The ends of the dislocation
are pinned, so that the total number of kinks remains constant. Hence
the kink energy is not relevant in any energetic interactions between
the kinks and the dislocation stress field.

Let the kink density, measured in the lattice plane direction, be
p. Let a force be applied to the dislocation and let the kinks move a
distance x;. If there is a force f on each kink due to damping of its
motion, then the total work done per unit length along the x-axis

W = fpxl

The dislocation moves x; sin 6 normal to its axis, where 0 is
the angle between the dislocation and the x-axis. If a force F per unit
length of dislocation is applied normal to the dislocation, we have the
energy relationship
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CONTINUUM

FIELD REGIONS

FIG. 36 - KINKED DISLOCATION SHOWNING CORE AND
STRESS
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x,88n0 = fpx
1 1
cos @

Hence { = Fa since tan @ = pa.

If the dislocation line is curved, and the stress field energy is
E, per unit length, then F = E,/radius of curvature,

3/2
P Ax

where y is the dislocation displacement.

A more detailed calculation of energy changes on a virtual work
basis can be used to check the validity of this stretched-string approzch.
Ideally, the fact should be considered that E , changes a little as the
kink density increases and the dislocation changes from pure edge to
part screw (or vice versa); but the effect of this change will be rela-
tively small.

APPENDIX I1
DISLOCATION LINE TENSION IN THE BRAILSFORD THEORY

Brailsford shows that, if the thermal generation of kink pairs
is the major limiting process involved in dislocation motion, and the
stress-field energy discussed in Appendix I is neglected, "an analogy
with an extensible string is alien to the concepts contained in the
present model'!, The basis for this statement is that the energy of the
extra the rmally activated kinks produced when the material is stressed
does not equal a hypothetical line tension, derived from the shape of
the bowed line, multiplied by the gross increase in line length. While
this is certainly true, the argument cannot immediately be applied to
the internal friction theory, which depends on damped motion of built-
in kinks, rather than thermally generated kinks.

It will now be shown that there is a way of formulating the line
tension which is alternative to that given in Appendix I. In Appendix
I, the core was taken to follow the mean dislocation direction. How-
ever, we may alternatively reduce the core diameter so that it has to
follow the exact dislocation line. Now, the length of the core does not
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depend on kink distribution, and the stresa-field enexgy cannot be

simply regarded as changing by virtue of the dislocation core length
changing. Changes of stress-field energy will arise from its self-
interaction, which can be formulated by considering the mutual repul-
sion of the kinks which will now have stress-fields in their own right.
Such a repulsion will give an increase of energy if the kinks in the
existing line are redistributed by an applied stress, in the following
manner, Let the repulsive force be represented by an energy parameter
€. such that the total line energy is

L L
2
W=E°L+ekg pdx+aerS p dx (2.1)
o o

fabeing the kink density, ¢, the kink ensrgy, and a the spacing of the
ttice planes.

If we now consider a steady-state condition then the total force
due to the repulsion on a row of kinks per unit length

1.4
pe. repul. | -D (ac_pd)
ox - ox
= -2ac¢ Q_L...p
r 9x

and hence the force per kink is -Zaer %P—
x

The force on a kink due to an exte mally applied shear stress o
is oab. Under steady-state conditions, the flux of kinks due to the
externally applied shear stress is balanced by both the back-diffusion
under the concentration gradient and, on this model, the flux due to -
kink repulsion:

P )
C'lb=D—-L+ .2a¢ 2R
F? x pp r 3,

where j is the kink mobility and D the diffusion constant. Since
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oY - . ap
3x P

2 2
we have 0_9._1=pr 2L+Zerp§l..2_.L
3+ ox Ix 3L

Now, puttingy = -ap x+y,

and ignoring second-order terms

2

P 9

o Y1 . 3__‘{_1.. . N -}0>
9x sz 2 x

gives a dislocation line of constant curvature

2 2
9%y _ A pykbo-

sz D+2¢ pap

(2.2)

(2.3)

(2.4)

(2.5)

Comparing this with the formula for the curvature of a string of line

tension S; with a force o-b/unit length applied

2
Dyl
Sl-—-=-¢"b

9

shows that, if an analogy between the kink-repulsion and the line ten-

sion modnl is to be made,
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Sl=-}- [zer-f-.g.- 1 ]
a p ap,

The energy given to a line-tension dislocation by an applied
stress @~ is

W = L obA = 1 o-bf. y, dx (2.6)
2 2
o

where A is the area under the bowed-out dislocation loop. We now’
compare this with the change of energy deriyed from the kink repul -
sion formula (2.1)

from (2.2) and (2.4)

)Yl
ox

P=P

L
° a

and noting that, sincey; = 0atx=0, x= L,

L
P
dx = 0
0 ox
\ad SL(DYI )Z o 1oy, , XL My, ye dx
3+ 1 = -
[+] ;x [« ] gx X [+ sz !
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L 2 2 L
N1 d "N
dx = - A dx for constant curvature.

2
€
y
then W, = - X . ._a._.l_ . A
: 9
2¢ ap p
= Loba r_o from (2.5)
2 D+Z¢rap°p

Comparison of this expression with (2.6) shows that not all the energy
of deformation is stored as kink interaction energy. The remainder is
transferred to thermal energy of the lattice. However, unless the fre-
quency of oscillation is very high, the transfer process is isothermal,
and hence the energy is recoverable when the deforming stress is
removed, Thus the extensible-string analogy is not rendered invalid
by this difference between the energy given to the dislocation system
and that stored in the kink repulsion fields. If the kink repulsion is
sufficiently large, the effective line tension is

S = L 2.7)
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APPENDIX III

COMPARISON OF KINK REPULSION
AND STRESS-FIELD LINE TENSION MODELS

In Appendix II it was shown how kink repulsion would give rise
to a line tension type of force. The equivalence of kink repulsion to
line tension will now be illustrated; again, rigorous proof would require
very detailed computation.

On the kink repulsion model, the axis of the stress field is con-
sidered to be located exactly at the core. Hence its total length does
not depend on the kink distribution. However, the kinks now have stress
fields associated, and since the kinks are parallel, the fields will cause
repulsion. The close analogy between electromagnetic current inter-
actions and dislocation interactions show that the stress field of an ele-
ment of dislocation is given by

Integrating this and equating the total to that given by Cottrell for the
field (in the glide plane) of a straight dislocation shows that the con-
stant multiplier E; has the value

Gb% /47 (1.v) (edge)
2 (3.1)
. Gb” /4r (screw)

G being the shear modulus, v Poissons ratio, b the Burgers vector.

If one now regards the kinks as being dislocation elements per-
pendicular to the average dislocation line, then the repulsive force
between any pair is f. = E) a2/ € 2. This form is consistent with the
energy equation (2.1), whether the total interaction between kinks or
nearest neighbor interactions only are considered. Considering now
the total line energy due to repulsive forces, we have an ensrgy per
kink of '
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g 1 (3.2)

in a line of uniform density. A cut-off length Rl must be specified to
p revent the energy becoming infinite.

Now, taking the other viewpoint, and considering a line energy

per unit length E  along the dislocation, the change of energy on intro-
ducing kinks is

SW/L = Eo tan 0 - Eo

a2 o2
= E, —P_ for smalr e . (3.3)
2

and hence the change of energy per kink is E al p/2. Identifying the
two viewpoints, and equating (3.2) with (3.3) we have

Rlp

1 E,
E, £ — =2
n 2
1

If the dislocation is pure edge, the line energy is

Gb2 )
- In (=)
o 4 (l-v) ( r

o

R and ry being outer and inner cut-off radii. Inserting the value of
E) from (3.1) for the screw-type kinks, we have
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Rlp

z L-mrpty: —1— m "2
n 2 (1-v) .r
1 [« ]

Y= 0.5772 (Euler's constant).

It is reasonable to put R, ~ R2~L. Taking pa = 0.1, and putting

r, = ea, it emerges that

-0.5<1ma <0.5

The closeness of a to unity shows that the inner cut-off radius will have
a value near the lattice plane spacing, and hence the kink repulsion and
stress-field line tension models are compatible numerically as well as
conceptually. The lack of an exact identification reflects the uncertainty
in the method of separating the core energy (independent of kink con-
figuration) from stress field energy (dependent on kink coafiguration).

APPENDIX IV
MODIFICATION OF BRAILSFORD THEORY:
STRESS-FIELD ENHANCED KINK DIFFUSION

1f the stress-field is taken into account, as in Appendix I, the
total driving force on a kink when a shear stress o is applied per-
pendicular to the lattice planes is

2 32
F-= cab+E°a —-Y-D l+<ﬁ_)z
dx

Setting up a dynamic kink equation identical to that of Brailsford
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Dx axz
(considering p-type kinks only), and putting y = -a p_ Xt Y2 e el¥t we
have
iet , _iwt Y2  jat
iwy, e t+ e ¢ pabl-ap + —= ¢ ']
o o x
2 .
QY 9y
Eo ap zz ciut [- ap, + 5 2 eim] 32
x Yy
+ 9x D — 2 %t .4
2 3y, iwt 3 3
[1+ (ap)” +2 ap, e ]

Now, eliminating second-order terms, the solution of the problem
follows exactly as demonstrated by Brailsford, but with an enhanced

diffusion term

2
E a
D'=D+ o Po¥

3R
[(1+ (apo)z]

0= ap is small, and the Einstein relation D = pkT is assumed,

E a
D=D[1+ -2 0]
kT

The dislocation line ensrgy per atom will be oft.ln order sza. 32eV
in silicon; and so a dislocation line having 0 = 0.05 will show an
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effective kink diffusion enhanced by a factor of about 18 over the value
used by Brailsford. Following Brailsford, the relaxation time for a
dislocation of length L is

and, for an exponential distribution of free dislocation segments, the
maximum logarithmic decrement

A = ZIN G522 0

T
m 10 . o €
occurs at “'Te =1
10 (2
whe re T = o
e 2
r D

for an exponential distribution of mean length [,. Thus the effect of
enhanced diffusion is to lower the expected temperature and magnitude
of the peak.

Below the peak temperature wt >> 1, the log. dec.

2.2
_ 8Ga"b P, N

Tw

To estimate the magnitude of the decrement one needs to estimate p. If
the activation energy is H, then diffusion theory shows that an approxi-
mate valus for p is
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1 D, ' H/xT
kT

where D == dz 31/(—-1) .8/k
° h m=

% is the number of nearest-neighbor sites, d the atomic spacing along
the dislocation line, m the atomic mass, mX the effective mass of the
kink, and S the entropy of diffusion. Studies of oxygen diffusion in
silicon3 have shown that the entropy te rm in this case is rather high,

of the order of 20. A value of this order will be assumed for kink diffu-
sion. Pu H= 1.6leY, m/mX=1, ap = 0.05 gives an unexpected
value for A£/N of 2 x 10-7 at 1000/T = 1.8,

APPENDIX V
COMPATIBILITY OF BRAILSFORD AND KGL THEORIES

The Koehle r-Granato-Lucke theory" sets up the dislocation
damping equation

2 2
A2 Y +p 3y -E, 2 Y = po- (5.1)
‘atz ‘at axz

for the dislocation displacement y due to applied stress o-. In the fre-
quency range of interest, the first, inertial, term can be neglected.

If we retain the model of Appendix I, then E  can be identified with the
stress-field energy per unit length, while the friction coefficient B can
be derived from the kinetics of kink diffusion. The axes of (5.1) are
taken in a slightly different direction from those of the other appendices;
hence the x-axis passes through the dislocation pinning points rather
than being parallel to the lattice planes.

If the kink density along the lattice plane is p, and the kinks
move with velocity v, then the dislocation velocity parallel to the lattice
planes is vap, and the velocity normal to the dislocation is 3y/ 9t =
vap cos 0. The kink velocity under a driving force f is

84



v = pf

If now the dislocation as a whole experiences a damping force F per unit
length normal to the dislocation, the rate of energy dissipation per unit
length is

F _a_y_ = fvp cos @
ot

2

= X p cos 8
p

2

- ()z’ p cos @

ot paz pz colzo

The term p cos 0 in the first line is the kink density along the disloca-
tion line. Thus, dividing by 9y/9t, we find a damping constant B of
value

1

pazpcono

Substituting this value in the complete KGL theory and putting A->0,
we obtain

2 2 :
T = = L : (5.2)

2. 2
L Eo T pa p°E°c0lO




8 Gb> L2

o
13 Eo co|3 ]

(5.3)

if the justifiable approximation p~»p, is taken at an appropriate stage.
In the limit of small kink densities cos 8 -0, and these formulae then

_ become identical to those of the modified Brailsford theory (Appendix
IV). Thus the the rmally activated kink diffusion model is consistent

- with, and complementary to, the stretched string model. The formal-
ism of dislocation length averaging and orientation correction developed
by Granato and Lucke may be used in applyiag (5.2) and (5.3) to any
particular situation.

86



[
.

O 0 N e W N

p—t
o

11.
12,
13.
14,

15,
16.
17.
18.
19.
20.
21.
22.

23.

> > > W W >0 0

LIST OF REFERENCES

. Zener, Phys. Rev. 53, 90, 1938.

. Weinreich, Phys. Rev. 104, 321, 1956.

. R. Hutson, D. L. White, J. Appl. Phys. 33, 40, 1962.

L. Snoek, Physica, 8, 711, 1941.

. D. Southgate, Proc. Phys. Soc. (London) 76, 385, 1960.

. G. Bordoni, Nuovo Cimento (Suppl.) 42, 43, 1960.

. Seeger, H. Donth, F. Pfaff, Disc. Farad. Soc. 33. 16, 1957.
. D. Brailsford, Phys. Rev,. 12_2. 778, 1961,

. Granato, K. Lucke, J. Appl. Phys. 27, 583, 1956.

J. S. Koehler, Imperfections in Nearly Perfect Crystals (J. Wiley,
1952) p. 197,

J. C. Swartz, J. Weertman, J. Appl. Phys. 32, 1860, 1961.
P. G. Bordoni, Nuovo Cimento, '4_, 177, 1947.
P. D. Southgate, J. Sci. Instr. }2. 28, 1959,

W. R. Smythe, Static and Dynamic Electricity (McGraw-Hill,
1950) p. 105.

P. Penning, G. de Wind, Physica, 25, 775, 1959.

X

. J. Queisser, J. Appl. Phys. 32, 1776, 1961.
. C. Dash, J. Appl. Phys. 27, 1193, 1956.

. Asfroff, J. Appl. Phys. 32, 1663, 1961.

. R. Hutson, Phys. Rev. Letters, 4, 505, 1960.

L » ¢ ¥

. J. McSkimin, J. Appl. Phys. 27, 1219, 1956.
Lord Rayleigh, Theory of Sound, Vol. 1, p. 273.

D. P. H. Hasselman, Tables of computation of elastic modulus,
Carborundum Co., Niagara Falls, 1961.

J. B. Wachtman, D. G. Lam, J. Am. Ceram. Soc. 22_. 254, 1959,

87



uwrty

-90TT09 VIISY ur
SI0 I3 Teav

*d ‘e3eByInog
STOUTTII *uoijepmog
QOJIVOSS JINCIIY
2£18-(919)

€€ av-oN 3do8a3uU0) °TY
€00GEL Xwuy

*05EL foag osiv
Butdweq TEOTUNHIW
sTeIon

Jo uoremIOzeq °1

°IA
*A
‘A

‘IIX

‘I
°2

A,w.llxl.l...

*£3TTTQ0W Yury Jo 3eqy
ST A9I9ue UWOTIBATIOF 9Y} 968D YOIYM UT * poums
-58 ST £3TSUSP YU 21qeuOsSEax ® JT Juydump
UoOT3@I0T8IP 3O AJoou3l NulX-3dnIqe &,pIog
-S1Teld Y3ITA SpeW ©q UBY UOTIBOTITIUODT ©Af3Ey
~T3uend <Ldouenbery 9uz o3 A1esxeaut pue A3
-uop UOTIBIOTSID Y3 03 Teuorjyodoxd Atejem
-¥xoxdde st epnjtudem 37 ¢(Furduep uotr3es07
-STP ©u3 O} PeINQTJII3R BT SSTJI O¥] °"A @ 2I°0
319°1 JO £3I0uUe UOTIRATEOE UR YITA DOJBATLOR
L1TemIoy) 9q 03 sxeedde YOTUA *D,00G ©A0qQE
suowydede UODITIF PeWIOJOP UY USPSS ST UOT3
=dTIJ TeUISIUT JO S8TX Apeeif y *peamsuwem uooq
( 1900 )
’ /
\ /

948BY OPIX0 OUIZ puB °*OpPIQIVD UOOTTIS °UOITTLS
Jo 8Te184I0 oY3uIS *8/5X 00Z 03 T *0000GT
03 O 93uvx 8y} BIGAOD DUB ‘MOFEAS SATIP
9T3W380J30079 343 U0 s338I0do snywredde ey,
*somiexedws; peiwAole 38 pejedriecautr Fureq
81 9TeTIOl0W POpuoq A13ueTeA0D AT3Jed pue
POpuoq ATjueTeA0D JO UOTIOTIJ Teulajuy oql

jzodey potyyssetoun
*8JoX €2 % *serqe3 °*SMTTL ToUT
ddoé *€9 qeg *saodex Teurgy “STTANLS NOTLOINI
TYRILINT HOOOMHL STYIUALYW (MYH NI ONINNIJ ¥
ALTTIEOM NOLLYOOISIA * 1€W-29-Hai-dSY ON 3dy
*oTgo ‘gdv uosIejleg
I&l@ﬂhl .93 8OTWEIV) B STUIIMN *E966900I5 B
S8TOTIOIEH/IT(Q *UOTETATQ SWO3SAS TedfIneuoIey

e e iV

!
i
_
l
'

_ uots

! -oettes viisy ur 1A
SLO IJ TeAV A

“ *d *ejufynog Ay

#TourTTr *uot3epunog

. QOINeseYy JnomXY ‘ITIT
W 2€18-(919)

€€ dv-oN 39ex300) °IT
€00GEL Nwey,

Surdweq TROTURTOSW °2
sTeIoN
JO uoyIvwmIogeq ° T

|
) *0GEL foxg osdv °1
.

*£21TIq0W Xuyx JO 3J9y3

87 fBIoue UVOTIPATIOE OUl 9580 YOIYA Uy °powns
<89 ST A3TSUGD XU OTqRUOSBAX w JT Fuydwep
uot3eo0TsTp Jo LI0emy Jupx-3dniqe €,proJ
=8TTeld Y31FA Spom Oq UeD UPTISITITIUSDT CATI®)
~F3uemd < Louenbexy ogi o3 ATesIesur pue L3ys
=00p UWOTIWIOTRIP 9y3 0F reuoriodoxd Aresuwm
-frxoxdde sT epnituivw #31 {Furdwep woriwsoT
=STP oY3 O3 POINQTIIIL ST OSTX oYL A ® 20°0
$T9°T Jo £BISUe WOTIVATION U WITA DPOqRATIOE
ATrewmIeqs oq 03 sxeedds QOIQA .uooom ea0qQe
suswroeds UCOTTIS DEWIOJOP U uees §§ WOLY
=011J TeuIeIUT JO OSTI Lpuel® ¥ °pOINSeeR UNeq

®ABY ODPTXO JUTZ DPUB ‘OpPTQIWD UOCITTIS *UOITTYE
Jo SYEIsAI0 o7BuIS *®/5X 002 03 T *0,005T
03 0 @3uwa eyj GIVA0D DUR *‘WOISLS SATIP
0739190139079 043 uo e9jeredo snijwyedde eyy
*semiviodme] pejwAsTe 3& pelefriseaut Suteq
8T STelIOIvW POPUOq ATIUOTRAOD A1jxed puw
POpUOq AT3UGTRAOD JO UWOTIDTIZ TRPUINFUT ouL

jzodey petJreseToun
*8JOX £2 % *807qw3 *ENITY TOUT
ddo6 *€9 qeg *3xodex Teutrs °*SYTALLS NOLLOTHA
TYNNEINT HOOOMHI, STVINEIVW (QHVH NI ONINNIA ¥
ALTIIG0M NOLLYDOTSIA “ TEN-29-Hal-asy ON 34y
*OTUD ‘Qiv UOsIeIIeg
-1YTTIR QU FOTWRIO)H B STUIGH ‘#OSEIO0XT P
STPIININN/IT(Q ‘UOTSTAT( SmOISLS TROTINPUOIOY

!
+
!

L —_—— ——_— e ——



